PAH-degrading bacteria and demonstrated the implication of some PAH-degrading enzymes [23] . From the results, it has been proposed that the common process for PAH degradation in these bacteria is composed of a series of enzymatic reactions with three distinguishable routes: (i) incorporation of oxygen atom(s) into the aromatic rings (hydroxylation), (ii) ring-cleavage steps (meta-or orthopathways), and (iii) further degradation of ring-cleavage products in the tricarboxylic acid (TCA) cycle [23, 24] .
The multiple metabolic linkages enable biological conversion of the toxic substrate into a few intermediary metabolites such as acetyl-CoA, succinyl-CoA, and pyruvate to both eliminate PAH toxicity as well as to utilize it for maintaining cellular physiology [4, 5, 15] . However, catabolic pathways of PAHs are complicated in bacterial cells, and many enzymes are yet to be identified in PAH-degrading bacteria [14] . Thus, understanding the biochemical mechanism of microbial biodegradation of PAHs with an integrated viewpoint is necessary in order to design efficient and predictable remedial procedures [19] .
In this context, our previous work focused on the phenotypic characteristics of the novel PAH degrader Sphingobium chungbukense DJ77, a bacterium isolated from contaminated sediments in an industrial complex (Daejeon, South Korea) that has demonstrated the ability to degrade various aromatic hydrocarbons consisting of fusion of benzene rings [13] . Prior to this study, we have undertaken studies about the genetic information and physiological characteristics on phenanthrene degradation in S. chunbukense DJ77, which is able to use the meta-cleavage pathway [8, 11, 12, 21] . However, the catabolic operons are tightly connected with the global metabolism of PAHs, since many aromatic compounds are not only nutrients but also important chemical inhibitors for living organisms, including bacteria [9] . Thus, the integrated approach is required to investigate the metabolism of PAHs from a systems biology perspective for further application.
In the present work, a proteomic analysis of S. chungbukense DJ77 exposed to a broad range of PAHs (i.e., phenanthrene (P), naphthalene (N), and biphenyl (B); hereinafter, named PNB in combination. was conducted using two-dimensional gel electrophoresis (2-DE) in combination with peptide mass fingerprinting to reorganize major proteins involved in the multiple catabolic pathways. Furthermore, liquid chromatography/mass spectrometry (LC/MS) analysis of intermediary metabolites demonstrated that the complete consumption as well as detoxification of various PAHs in S. chungbukense DJ77 can occur by multiple catabolic pathways.
Materials and Methods
Bacterial Strain and Culture Conditions S. chungbukense DJ77 was used for proteomic response and LC/MS analysis of phenanthrene, naphthalene, and biphenyl. Luria Bertani (LB) culture medium was used as the for these experiments. Precultured cells were grown overnight in 10 ml of LB medium on a rotary shaker at 30 o C, 200 rpm, and then inoculated into a 1 L flask containing 100 ml of medium. S. chungbukense DJ77 was grown on LB medium supplemented with 50 μM of each chemical dissolved in DMF.
Sample Preparation for Proteomic Analysis
The cells were grown until late stationary phase in each medium and then harvested by centrifugation at 10,000 rpm for 20 min at 4 o C. The cell pellets were washed three times with an equal volume of ice-cold 0.2 M sucrose followed by washing with 5 ml of ice-cold methanol. The cell pellets were resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and disrupted by sonication. The cell debris was removed by centrifugation at 10,000 rpm for 20 min at 4 o C. To remove nucleic acids, DNase I (5 unit/μl) and RNase (10 mg/ml) were added to each sample and incubated on ice for 30 min. Protein samples were precipitated with 100 % ice-cold acetone and 100% trichloroacetic acid (in 1:8:1 ratio) at -20 o C for 20 min. After centrifugation at 12,000 rpm for 15 min at 4 o C, the supernatant was decanted. The pellets were washed with 1 ml of ice-cold acetone and centrifuged under the same condition. The supernatants were decanted and the protein pellets were resuspended in 1 ml of protein lysis buffer (1 M urea, 1 M thiourea, 4% CHAPS, 40 mM Tris) by vigorous vortexing. The protein concentration was determined using the 2-D Quat Kit (Amersham Biosciences, Sweden).
Two-Dimensional Gel Electrophoresis and Image Analysis
Protein ( C with a total of 25,680 Vh as follows: 30 V for 6 h, 500 V for 1 h, 1,000 V for 1 h, and 8,000 V until 24 kVh was reached. After the IEF process, the IPG strips were incubated with equilibration solution (6 M urea, 50 mM Tris-Cl, pH 8.8, 30% (v/v) glycerol, 2% SDS, 5 mM TBP, 0.02% bromophenol blue) for 15 min at room temperature with gentle agitation. The SDS-PAGE gels were run in a PROTEAN II xi Cell (Bio-Rad, USA) using 12% SDS-polyacrylamide gels (20 × 20 cm) at constant temperature of 20 o C under the condition of 200 V, 400 mA for 6 h. Proteins in the SDS-PAGE gel were visualized by the silver stain method. Staining was carried out by the method of Heukeshoven and Dernick [7] using a PlusOne Silver Staining Kit (Amersham Bioscience). Stained 2-DE gels were scanned using PowerLook 1100 (UMAX, Korea). Comparative image analysis was carried out using Progenesis software (Nonlinear Dynamics, UK).
MALDI-TOF Mass Spectrometric Analysis and Protein Identification
For MADI-TOF mass spectroscopic analysis, enzymatic digestions were performed overnight at 37 o C in a stationary incubator using 10-15 μg/ml of sequencing-grade modified trypsin (Promega, USA) in 25 mM ammonium bicarbonate (pH 8.0) according to the established protocol [17] . In gel, digested peptide fragments were extracted from the gel pieces using solution prepared by adding 5% (v/v) trifluoroacetic acid (TFA) to 50% (v/v) acetonitrile (ACN) followed by vortexing for 1 h. After repeating three times, solute materials, including peptide fragments, were dried down by vacuum centrifugation. A ZipTip column (Milipore, USA) in which C 1 8 resin is fixed at the end of the tip was used to eliminate impurities of the samples. The peptide solution was prepared with an equal volume of saturated α-cyano-4-hydroxycinnamic acid solution in 50% ACN and 0.1% TFA on a sample plate of a MALDI-TOF mass spectrometry system (Voyager DE-STR; PE Biosystem, USA). Spectra were calibrated using a matrix and tryptic autodigestion ion peaks as internal standards. Peptide mass fingerprints were analyzed by the MS-Fit (http://prospector. ucsf.edu/). The identification of proteins with respective theoretical parameters (pI and molecular mass) was accepted through peptide mass matched with a mass tolerance within 10 ppm. The accessibility of such data has been revolutionized by the use of Internet protocols such as SWISS-2DPAGE (http://world-2dpage. expasy.org/).
Determination of Intermediates Concentration in S. chungbukense DJ77
The separation and analysis of metabolic intermediates were performed using reverse-phase capillary HPLC directly coupled to a Finnigan LCQ ion-trap mass spectrometer (LC/MS). Both a 0.075 × 20 mm trapping column and a 0.075 × 130 mm resolving column were in-house packed with Vydac 218 MS low TFA C18 beads (5 μm Vydac; USA) and placed in-line. Intermediates were bound and pre-concentrated in the trapping column using 5% (v/v) acetonitrile in 0.1% (v/v) formic acid. The eluting gradient was 70% (v/v) ACN in 0.1% (v/v) formic acid for 50 min at a flow rate of 0.15 μl/min. Eluent from the capillary column was directly sprayed into the ion-trap mass spectrometer.
Results and Discussion

PNB Degradation and Comparative 2-DE Analysis of S. chungbukense DJ77
To gain a better understanding of the metabolic capabilities of S. chungbukense DJ77, cell growth and PNB degradation was observed. S. chungbukense DJ77 was cultivated in LB medium supplemented with three xenobiotics (i.e., phenanthrene, naphthalene, and biphenyl) Phases I, II, and III indicate the initial-, mid-, and late-degradation points of each xenobiotic by S. chungbukense DJ77, respectively.
as carbon sources. As shown in Fig. 1 , S. chungbukense DJ77 completely degraded PNB within 2 days, and, in addition, the amount of PNB in each culture medium decreased gradually during bacterial cell growth. Based on these results, we set different time courses according to the rate of PNB degradation that are classified as initial (Phase I),
Fig. 2. Silver staining of proteins induced during PAH degradation.
Silver-stained 2-DE gels showing 10 spots induced during (A) phenanthrene, (B) naphthalene, and (C) biphenyl degradation processes (Phases I to III). Putative proteins from each experiment are listed in Table 1 . (D) 3-DE spot profiles of simultaneously induced proteins involved in multiple catabolic pathways for PNB degradation (biphenyl degradation).
mid (Phase II), and late (Phase III) degradation of PNB in order to determine the appropriate time for 2-DE data acquisition. Total cellular proteins from each culture were prepared at the three degradation points for comparative 2-DE analysis (Figs. S1-S3 ). The expression level of proteins that function for their degradation is related to the exposure time with chemicals [3] . On each 2-DE gel image, approximately 900 spots were visualized. The 2-DE gel images were systematically compared with the three culture phases (Phases I to III) at each chemical exposure as given in Tables S1-S3 . Through comparative image analysis, we isolated 35, 50, and 49 proteins for phenanthrene, naphthalene, and biphenyl, respectively, which showed significant differences in spot intensity. Out of these, 10 proteins spots were found having intensity differences simultaneously as a change of degradation phases (Figs. 2A-2C and Table 1 ). As a result, the spot intensity of N2, which is a homolog with nucleoside diphosphate kinase (Ndk), was reduced by PNB exposure due to DNA damage [25] . On the other hand, spot intensities of A1 (DapD, amino acid metabolism), N1 (CobT, nucleotide biosynthesis), P1 (RplY, protein translation), and D1 (RuvA, DNA repair/SOS response) showed an increase at degradation Phases II and III. It suggests that PNB exposure might induce repair systems in S. chungbukense DJ77.
Predicted Proteins Involved in Multiple Catabolic Pathways for PNB Degradation
To verify a route of PNB degradation in S. chungbukense DJ77, we focused on spots X1 to X5 listed in Table 1 , because these spots were predicted to be involved in the specialized pathway for xenobiotic degradation in the sphingomonads [19, 23] . Spots X1 to X5 were identified as dihydrodiol dehydrogenase (BphB), 2,3-dihydroxybiphenyl 1,2-dioxygenase (PhnQ), 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (BphD), 2-hydroxymuconic semialdehyde hydrolase (PhnD), and acetaldehyde dehydrogenase The mass tolerance in protein identification through PMF experiments was 10 ppm. Protein expression levels were compared between each PNB culture sample at the different time courses.
(PhnI), respectively. A three-dimensional spot profile showed that intracellular protein levels of spots X1 to X5 were obviously increased by xenobiotic degradation (Fig. 2D) . Here, we depicted whole catabolic pathway for PNB degradation (Fig. 3) and found that these five proteins have multiple functionality. First, BphB (X1) catalyzes the NAD + -dependent oxidation of trans-dihydrodiols [2] , and PhnQ (X2) cleaves aromatic rings in three PNB catabolic branches [1] . BphD (X3) is capable of degrading polychlorinated biphenyls as well as biphenyl itself [18] so that the biphenyl branch splits into two different routes.
Specifically, PhnD (X4) and PhnI (X5) are located in the catechol branch, which is converged from three different branches for PNB degradation, and play an important role in the detoxification of aromatic compounds [9] .
Complete Conversion of PNB to Metabolites in S. chungbukense DJ77
The majority of bacterial aromatic degradation is due to the processes that comprise a series of enzymatic reactions, including the formation of diols, incorporation of oxygen atoms into the aromatic rings, and ring cleavage [24] . In Fig. 3 . Proposed multiple catabolic pathways for PNB degradation in S. chungbukense DJ77.
Black arrows indicate identified pathways through proteome analysis in this work. Grey arrows indicate putative pathways for PNB degradation. Simultaneously induced proteins involved in the PNB degradation pathway are indicated as boxes (X1 to X5).
S. chungbukense DJ77, it is presumed that the subsequent metabolic steps after oxygenation processes of PNB are transformed into ring-cleavage products by catechol-2,3-dioxygenase (PhnE) (Tables S1-S3). Moreover, the first ring-cleavage product, 2-hydroxy muconic semialdehyde, would be further degraded into compounds that can enter the TCA cycle (Fig. 3) . In order to verify complete conversion of PNB into non-toxic metabolites, the concentrations of potential intermediates in the PNB pathway in S. chungbukense DJ77 were measured by LC/MS analysis as a function of bacterial growth time. As shown in Fig. 4 , S. chungbukense DJ77 completely consumed 2,3-dihydroxy-bipenyl, which is the product of the X1 (BphB) reaction, within 32 h. In addition, sequential degradation of each intermediate catalyzed by X2 (BphD) to X5 (PhnI) was measured, and then consumed during the whole degradation process. Moreover, it was also presumed that PNBs were metabolized through converged pathways for entry into the TCA cycle, because both pyruvate and acetyl-CoA were measured during 2,3-dihydroxy-biphenyl consumption by S. chungbukense DJ77 [5, 10] . The results suggest that S. chungbukense DJ77 not only utilizes xenobiotic PNB as alternative carbon sources but also removes their cellular toxicity through specialized enzymatic reactions in multiple catabolic pathways for PNB degradation.
In conclusion, we investigated the ability of S. chungbukense DJ77 to degrade phenanthrene, naphthalene, and biphenyl, which are non-degradable pollutants, by the proteomic approach. When incubated with these xenobiotics, a global change of protein expression was observed in response to PNB stress. Five proteins involved in major xenobiotic degradation pathways were identified and multiple catabolic pathways for PNB degradation were depicted by comparative 2-DE analysis. More importantly, the time profile of sequential conversion key intermediary metabolites (i.e., pyruvate and acetyl-CoA) was measured during activation of the PNB catabolic pathway. The investigation provides potential evidence of the complete degradation and detoxification of severe environmental concerns, including PAHs, by bacterial physiology; nevertheless, cloning and characterization of the major catabolic proteins would enable full elucidation of the PNB metabolism of S. chungbukense DJ77.
Fig. 4.
Sequential degradation of intermediates by X1 to X5 proteins in multiple catabolic pathways for PNB degradation.
(1) 2,3-Dihydroxy-biphenyl; (2) 2-hydroxyl-6-oxo-6-phenylhexa-2,4-dienoic acid; (3) benzoate; (4) 1,2-dihydroxy-cyclohexa-3,4-dienecarboxylate; (5) catechol; (6) cis-2-hydroxy-penta-2,4-dienoate; (7) 4-hydroxy-2-oxovalerate; (8) pyruvate; (9) acetyl-CoA; and (10) 4-oxo-crotonate.
